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ABSTRACT In view of the numerical inverse identification of constitutive models, a forward numer-
ical modelling of Gleeble tension tests is conducted. A coupled electrical–thermal–mechanical model
is proposed for the resolution of electrical, energy and momentum conservation equations by means
of finite element method. In momentum equation, the mixed rheological model in multi–phase region
(e.g. δ–ferrite and γ austenite (δ+γ mixture)) is developed to consider the δ/γ phase transformation
phenomenon for micro–alloyed low carbon steel at high temperature. Experimental and numerical
results reveal that significant thermal gradients exist in specimen along longitudinal and radial direc-
tions. Such thermal gradients will lead to phase fraction gradient in specimen at high temperature,
such as δ fraction gradient or liquid fraction gradient. All these gradients will contribute to the het-
erogeneous deformation of specimen and severe stress non–uniform distribution, which is the major
difficulty for the identification of constitutive models, especially for the simple identification method
based on nominal stress–strain. The proposed model can be viewed as an important achievement for
further inverse identification methods, which should be used to identify constitutive parameters for
steel at high temperature in the presence of thermal gradients.
KEY WORDS Gleeble tension test, micro–alloyed low carbon steel, numerical modelling
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u$2Cb8v(.p|D (qv , %)
E: C 0.065, Si 0.2, Mn 1.64, Al 0.036, Nb 0.064, Ti
0.016, S 0.003, P 0.012, Fe ;v. Or~*`,D
%oDD 10 mm,  120 mm pÆdg, O
Gleeble1500D ~`<1Kdgu. 2W*O
!sxpN' ( thermocouple–0, "s TC0)
e^oAdpKCdN. Osx℄%
m#N' ( thermocouple–1, "s TC1), X;
1 $}. V>, Ex0zlKp *, 5vxK
i!sx (TC0) SpKe. OXMsXFK
/, $KOE TC0 SpKe. E!, M
/pzdsxE TC1 Hm,!sxE TC0
Hm.
"Y; 2$}pNCdNj5K, 
K 1 min h, O tms r[QzmdgM[. Eh




Fig.1 Schematic of temperature measurements at axial










~J = −κ∇φ (1)
:H f, Ymj?0 p Poisson I
∇ · (κ∇φ) = 0 (2)
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}r}Y^ i(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Fig.2 Schematic diagram of thermal–mechanical history of
Gleeble tension test (tms: the instant of starting me-
chanical loading; θtest: the temperature at which
tension test is conducted)
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Fig.3 Schematic diagram of axi–symmetric geometrical
model of tensile set–ups
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∇ · ~~σ = 0 (14)
2.3 A℄>
Jp2 ∂Ωgf1 ℄ ∂Ωgf2  #g~ ℄ 

 Jimp, J℄p*R2 ∂Ωsg p 
E
~J · ~n = −Jimp (15)
~J · ~n = helec(φ− φcontact) (16)
p, E#"KpjKkvCd, 12
PID(proportional–integral–derivative) O5r
+;v Jimp, 3|Fj:HKe (TC0 H
m) =Ade,7^o%- Jimp.
Odg! ∂Ωs ℄Jp! ∂Ωgf1 ℄ ∂Ωgf2,
12sq ^N3
−k∇θ · ~n = hth eff(θ − θenv) (17)
O*R2 ∂Ωsg `, 4:ZO2Nq., 2
N YsE






kρcp, Pint,elec = helec(φ−φcontact)2, { (18)
!}2NOt*R-p ){. 3 hth eff
℄ hth c :HuÆK5ve4K.
JE+~. O℄Jp*R2,
d/*R3 ({ (19)) zLm*R3
({ (20))
~V − ~Vg = 0 (19a)
~T = ~~σ~n = −χp(~V − ~Vg) (19b)
(~V − ~Vg) · ~n = 0 (20a)
~Tn = ~~σ~n = −χp((~V − ~Vg) · ~n)~n (20b)
OuÆus, 6=12~M[^oe#vp
N.q,nOY QDp/p. OM[mr[ tms
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∗dΩ = 0 (22)
{s, φ∗ ℄ ϕ∗ E5V, 12p Galerkin 
Od\%}i^bD`i^`I. 12 Newton–
Raphson `?0{ (22) i^hpI, +F_
Tx-}Kph ∂θ/∂H.
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2 Newton–Raphson ?0 [17].
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wi = 1 (30)
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m = 1/(8.132− 1.540× 10−3(θ + 273))
n = −0.6289 + 1.114× 10−3(θ + 273)





























[7]: α=0.0522 MPa−1, A2=9.997×
107 s−1, Q=202.1 kJ/mol, m=0.2657.
:H.qOT}pr, 4{ (32) K{ (10)
p3 aε˙,vp ℄ m OEf}peE 5.65 MPa ℄
0.266; O 1510  (fs ≈0.7) r, aε˙,vp ℄ m O&E
1.8 MPa ℄ 0.266; Of} 1522 r aε˙,vp ℄ m  #
E1q
 5.6×10−4 MPa ℄ 1.
4 Tp;X|LO?3
4.1 a9C$\.1dk~
; 4 E12 ThermoCalc pCb8v(.
O1KXp7f =KpGV. O.&ESIs,
f
ZSN1K51f δ; ?G&Eh, Kv:
1482 r, δ fQz E
1f γ, 1450 r δ → γ
f/.
4.2 d%+
; 5a }Nxlp!K *, i^
}Eu5ve, CdEe. %;!l
`ZO(^K.. 4:12x PID e#X;
2 $}jKCd, O; 5a s, Y"RjO TC0 HmK
e=5ve?GOb. ; 5b Esxe,
DlpK7 (θ − θS)  *, i^}E5ve, CdE
e. Ou3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K., <
 Kj1, DlK.T^.
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Fig.4 Relation between volume fractions of different phases
and temperature for micro–alloyed low carbon steel
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Fig.5 Surface temperature distribution in the axial direc-
tion (a) and radial temperature distribution with
respect to surface temperature in the mid–length
transverse section (b) in tensile specimen (discrete
points are measurements and curves are calculations)
K *. Osxe,`, zdsxK!K
1G 42 , :H; 4, Vrsxe,Eb

1f. }E Vimp=0.01 mm/sr,OMzdgr[,
}|s:s- 20 mm pA? (; 7),
<} *(OJ; .OzdsxS[j
^e, G 0.92×10−3 s−1, X; 7 $}. dOJ
}AE l0=10 mm, S(.E Vimp/l0=1×
10−3 s−1, 1:mjp.. }(OJp,
x(.℄(.pm(YU, <(
K.
; 8 Edg 50 s rOsxe,`psq.qD





f ({ (31)). L.q *L(O, f7(o,
G 0.5 MPa (G 0.5/8≈6.3%). "zl.q (σzz) 
D<  YmjdgM[ Fcal(bdg%, σzz = σ),
.O.qY4X{mj:






mjp.O.q σzz,mean=8.28 MPa, %e
.:; 8 sDE 3.5 mm ( r = 0.5
√
2r0) Sp.q
_ 6 foJ) ( rw (TC0) JD 1300 )
Fig.6 Temperature distribution in the central part of ten-
sile specimen at temperature (TC0) of 1300 
(unit: )



















Distance to mid-length transverse-section, mm
Grip contact region
_ 7 yk_o-) (qZ tms, | 0.01
mm/s,  rw (TC0) JD 1300 )
Fig.7 Strain rate distribution along axis at the instant tms,
grip velocity of 0.01 mm/s and temperature (TC0)
of 1300 
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10gδ (gδ < 0.1)
1 (gδ ≥ 0.1)




2gδ (gδ < 0.5)
1 (gδ ≥ 0.5)
, wγ = 1− wδ (35)
wδ = gδ, wγ = 1− gδ (36)
` 3 uÆx δ– 51pf  (δ + γ)
xbAq
 p/h. { (34) !}fSNp δ– 51
f [j 10% r, fAq
 4U51fpq




















_ 8 Nrwd+_rpLZCk) (qZ tms+50 s, |
 0.01 mm/s,  rw (TC0) JD 1300 )
Fig.8 Equivalent stress distribution along radius in mid–
length transverse section at 50 s after tms, grip
velocity of 0.01 mm/s and temperature (TC0) of
1300 

 eÆ, 9o δ– 51fpZoq.; { (36)
E1 .Oxb.qz, 
1f℄1K51
fxb.qJ78s2; { (35) 4:t[a. .
Nr, "` 3 uÆx δ– 51fSN

1|1fpZo2; O.&EgIr, δ– 51|1
fSN
1f, "` 3 u!}x γ f δ |
1fpT92. uÆfxbA.qFVY(asE
wi = P
n(gi), ÆE gi p n Wj{}{, %.4u
seK.
 Kj1, δ– 51fO
1|1fSN,
<sxQzTo. X; 9 $}, u-Ek
A, >-E
1A?, sE (δ + γ) xbtf
A. 1430 r, kAf OzdsxS[j
^e 0.29. ; 10 EOsxe,`Dl
psq.q *. 12{ (34), sq.q 1K5
1f T#v,  r=4.1—2.8 mm tfA
p.qSo.r. 121 .O ({ (36)) r,
tfA.qX γ/(δ + γ) 2j δ/(δ + γ) 2 (r=
2.8 mm) {#v. { (35) psq.qS4:[
a. ; 10 !"Kpf *"hl"Kp.
q *, \8.pq
 ÆE_e`, 6S"Xpd
gM[ SY"Rj\}. FV12{ (34) r, 

1A? (D 4.2—5 mm) KpdgM[VM[
Xγ = Fγ/Fcal=76%, kAM[  Xmush=8%; FV
12{ (36) r, Xγ GE 53%, Xmush GE 6%. O\
2 u>_X, kAM[^Oo, 
1t
fxbAKM^- dgM[. f12(.q – .
r, mjp(.q σzz,nom=Fexp/S0 o:uÆ
EfA?.q σzz,solid=Fexp(1 −Xmush)/(Smix + Sγ),
81:kA.q σzz,mush = FexpXmush/Smush. \!
fZO"Kf *>_X, |:(.q.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Fig.9 Distribution of temperature and the volume fraction
of δ–ferrite and liquid in the central part of specimen
at temperature (TC0) of 1430  (unit: )
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korp-p) ( rwJ (TC0) D 1430 ,
| 0.01 mm/s)
Fig.10 Radial distribution of equivalent stresses in the mid-
length transverse section, which are calculated by
three weighting methods at temperature (TC0) of
1430  and grip velocity of 0.01 mm/s
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 :H`Mp 
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Fig.11 Comparison between the experimentally measured
and the calculated tensile forces with imposed grip
velocity of 0.01 mm/s at temperature (TC0) of
1430  (discrete points: experiments; curves: cal-
culations)
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